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ABSTRACT 

Although it is generally accepted that the active site of nitrogenase is located 

on the iron-molybdenum cofactor, the exact site(s) of N2 binding and reduction 

remain the subject of continuing debate, with both Mo and Fe atoms being 

suggested as key players. The current consensus favours binding of 

acetylene and some other non-biologically relevant substrates to the central 

Fe atoms of the FeMo cofactor (Dos Santos, P.C., et al. (2005) Acc. Chem. 

Res, 38, 208 – 214).  The reduction of N2 is however a more demanding 

process than reduction of these alternative substrates because it has a much 

higher activation energy and does not bind until three electrons have been 

accumulated on the enzyme.  The possible conversion of bidentate to 

monodentate homocitrate on this three electron-reduced species has been 

proposed to free up a binding site for N2 on the Mo atom.  One of the features 

of this hypothesis is that α-lysine426 facilitates chelate ring opening and 

subsequent orientation of the monodentate homocitrate by forming a specific 

H-bond to the homocitrate -CH2CH2CO2¯ carboxylate group.  In support of this 

concept, we show that substitution of α-lysine426 can selectively perturb N2 

reduction without affecting acetylene reduction. We interpret our experimental 

observations in the light of a detailed molecular mechanics modelling study of 

the wild type and altered nitrogenase MoFe-proteins.  
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Abbreviations used: MoFe-protein, molybdenum-iron protein of nitrogenase, 

(Av1); FeMo-cofactor, the Fe7MoS9X-homocitrate prosthetic group in the 

MoFe-protein; Fe-protein, iron protein of nitrogenase, (Av2); EDTA, 

ethylenediamine-tetraacetic acid; EPR, electron paramagnetic resonance; 

HEPES, N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid; MgATP, the 

magnesium salt of adenosine triphosphate; MM, molecular mechanics; NMF, 

N-methyl formamide; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel 

electrophoresis; CE, crude extract; SPA, specific activity.  Altered nitrogenase 

MoFe-proteins are designated by the name of the subunit, either α or β, 

followed by the three-letter code for the substituting amino acid and the 

number of the amino-acid position substituted.   
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INTRODUCTION 

Nitrogenase is the complex metal-containing enzyme responsible for 

the conversion of atmospheric N2 into NH3.  The most extensively studied 

nitrogenase, Mo-nitrogenase, contains Mo and Fe and consists of two 

separable proteins known as the MoFe and Fe-proteins [1].  The MoFe-

protein is an α2β2 tetramer that contains two copies each of a pair of highly 

distinctive metal-sulfur clusters known as the P-cluster and FeMo-cofactor 

(FeMoco); these are implicated in electron transfer and substrate reduction, 

respectively. The second enzyme component, the Fe-protein, contains an 

Fe4S4 cluster and two MgATP-binding and -hydrolysis sites; it is the obligate 

electron donor to the MoFe-protein.  FeMoco is an inorganic cluster 

formulated as MoFe7S9X, where X is a light atom at the centre of the cluster, 

plus an organic ligand identified as (R)-homocitrate [2-3], which is attached to 

the Mo atom giving a five-membered chelate ring. The cofactor binds within 

the MoFe-protein α-subunit and is covalently attached to the protein via α-

Cys275 and α-His442, which bind to the terminal Fe and Mo atoms 

respectively (see Figure 1). The inorganic part of the FeMoco is tightly packed 

within the MoFe-protein and surrounded by (i) residues that approach each of 

its three faces (α-Val70, α-Arg359 and α-Phe381), (ii) residues that have the 

potential to H-bond to the bridging sulfide atoms (α-Arg96, α-His195, α-

Gly356 and α-Gly357), and (iii) a residue that has the potential to H-bond to 

an S atom contained within the MoFe3S3 sub-cluster fragment (α-Arg359) [4].  

N2 reduction by wild-type Mo-nitrogenase requires an anoxic 

environment, an adequate supply of MgATP and a reductant of sufficiently low 

potential.  Both component proteins are absolutely required for enzymatic 

activity.  A detailed scheme consisting of three main phases has been 

developed to describe the kinetics of the interactions between the two 

nitrogenase component proteins [5].  First the MoFe-protein associates with 

the one-electron-reduced Fe-protein that has two molecules of MgATP bound, 

then an electron is transferred from the Fe-protein to the MoFe-protein and 

both molecules of MgATP are hydrolyzed, and finally the two proteins 

dissociate, allowing re-reduction (typically by dithionite in vitro and 

ferredoxin/flavodoxin in vivo) of the Fe-protein and replacement of the MgADP 
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by MgATP.  For N2 to be reduced to NH3, a minimum of eight of these cycles 

must take place.  The rate at which electrons appear in the product is 

independent of the substrate being reduced because the rate-determining 

step in turnover is the dissociation of the Fe-protein from the MoFe-protein.  

This situation leads, under ideal conditions, to a constant ratio of the rate of 

MgATP hydrolysis to the rate of transfer of electron pairs to product (the 

ATP:2e¯ ratio) of 4:1. 

A number of resting-state structures of both nitrogenase component 

proteins, both separately and as complexes, have been solved by X-ray 

crystallography [6-9].  However, these structures have given relatively little 

information about how N2 and alternative substrates interact with the active 

site because wild type nitrogenase only binds substrates under conditions of 

enzymatic turnover [1]. The debate continues as to whether N2 binds to Fe or 

Mo at the active site although evidence is accumulating that alternative 

substrates, such as C2H2 and propargyl alcohol, bind initially to one or more 

Fe atoms [10]. 

Recent spectroscopic studies have detected species derived from 

hydrazine and methyl diazine; these are both substrates of altered proteins 

and are a potential intermediate and intermediate analogue respectively,, in 

N2 reduction [11].  Even more significantly, an enzymic state derived from N2 

itself has been observed for the wild-type protein [12] albeit under conditions, 

with an excess of MoFe-protein over Fe-protein, where N2 is not reduced and 

does not inhibit proton reduction.  These studies were interpreted as 

supporting the hypothesis that the binding site of these nitrogenous species is 

on the same α-Val70 Fe-S face of FeMoco as that assumed to bind alkynes, 

because the binding of hydrazine and methyldiazene is affected by mutations 

close to this face [11]. 

In the absence of any direct experimental evidence for the mode of N2 

binding and reduction, a variety of theoretical models has been developed 

using quantum calculations[13-17].  Although a consensus has not yet been 

reached from these studies, they do at least illustrate the various possibilities.  

A model assuming  that the structure of the FeMo-cofactor remains 

unchanged during N2 reduction has been explored in greatest detail by 

Dance[16-17]; it suggests that the Mo atom remains six-coordinate throughout 
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the catalytic cycle and N2 reduction proceeds entirely on the Fe atoms of the 

cluster.  Alternative models allow the structure of the FeMoco to be more 

dynamic during turnover, with one or more of its bonds undergoing temporary 

cleavage to open up coordination sites for N2 (see Scheme 1).  Blochl et al. 

have developed one such model based on cleavage of an Fe-S bond in the 

core cluster [14].  The N2 ligand then bridges between Fe atoms prior to 

reduction and again the Mo/homocitrate moiety plays no active role in 

catalysis. 

These models may be thought of as being compatible with the 

existence of two alternative nitrogenases.  The better established of these is 

V-nitrogenase in which V takes the place of Mo, whereas the third is more 

poorly characterized but appears to contain only Fe.  Although Mo and V have 

similar chemistries, associated with their diagonal relationship in the Periodic 

Table, Fe is clearly different.  Because all three nitrogenases reduce N2, it has 

been inferred that the heterometal, the Mo/homocitrate part of the FeMoco, is 

not directly involved and only provides ‘fine tuning’.  However, all three 

nitrogenases contain homocitrate and changes to the homocitrate ligand, 

such as its replacement by citrate in the ΔnifV MoFe-protein [19-20], 

drastically impair their ability to reduce N2 [21].  The importance of homocitrate 

for N2 reduction raises the possibility that the Mo site, or its equivalent in the 

alternative nitrogenases, is directly involved by cleavage of one of the bonds 

to homocitrate upon reduction of the enzyme [22-25]. Support for this 

hypothesis comes from two sources.  First, studies with model complexes 

have shown that protonation of a carboxylate ligand upon reduction of a Mo 

complex can indeed open a chelate ring and result in subsequent binding of 

N2 [22].  Second, experiments performed on extracts of isolated FeMoco 

showed a specific interaction between homocitrate and an imidazole ligand on 

Mo, which were interpreted in terms of a cluster-activating interaction between 

monodentate homocitrate and the protein ligand of Mo, α-His442 [23].  

Further, critical dependence on Mo was shown by Hales and co-workers, who 

succeeded in substituting W for Mo in the FeMo-cofactor and showed that the 

modified enzyme was unable to reduce N2 [26]. 
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An important feature of the homocitrate ring-opening model is that it 

includes an experimentally testable feature, namely a specific role for α-

Lys426 in N2 reduction but not in C2H2 reduction. Thus, C2H2 reduction can 

proceed on the central Fe sites of FeMoco, using states of the MoFe-protein 

that are not sufficiently reduced to induce homocitrate ring opening, whereas 

the reduction of N2 requires the more reduced MoFe-protein states that can 

undergo ring opening.  The α-Lys426 side chain then acts to orientate the 

monodentate homocitrate ligand in two ways.  First, a general electrostatic 

interaction between the cationic Lys side chain and the anionic -CH2CH2CO2¯ 

arm of homocitrate helps to rotate the monodentate homocitrate away from 

the Mo and into the correct position to allow N2 binding at Mo.  Secondly, a 

specific H-bond between these two groups orientates the homocitrate 

-CH2CH2CO2¯ arm in such a way that an additional H-bond is formed between 

the latter group and the -NH group of α-His442.  Although probably quite 

weak in energy terms, this interaction could provide a valuable enhancement 

of the reactivity of the Mo site with respect to initial reduction of N2.  Similar 

effects would operate in the alternative nitrogenases, but not in the ΔnifV 

mutants. 

In this paper, we show that substitutions at the α-Lys426 position can 

impair the enzyme’s ability to reduce N2 without affecting its C2H2-reducing 

characteristics.  We interpret the details of our observations in terms of the 

homocitrate ring-opening hypothesis by means of molecular mechanics 

calculations, and provide further evidence that the protein environment is 

tailored for homocitrate ring opening by analysis of the available amino acid 

sequences for Mo and V nitrogenases. 

 

EXPERIMENTAL 

 

Microorganisms and site-directed mutagenesis.   
The wild type bacterium used throughout this study was strain DJ527, an 

Azotobacter vinelandii strain containing an insertion mutation within hoxKG, 

which knocks out uptake hydrogenase activity but retains the nif genes intact.   
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Mutant strains.  Site-specific changes were made using overlap extension 

PCR methodology (SOE) [27].  Mutations generated by SOE-PCR were 

transformed into A. vinelandii deletion strain DJ100 and selected on the basis 

of restored Nif+ phenotype prior to sequencing to confirm the presence of the 

desired change. 

  
A. vinelandii cell growth and nitrogenase expression.   
The growth of wild type and altered A. vinelandii strains was as reported by 

Shen et al [28].  Culture density was monitored using a Klett-Summerson 

meter (Klett Mfg. Co. Inc., NY, USA) equipped with a no. 54 filter. Ideally, a 

mid-log culture with a Klett of 100-150 units was used to inoculate a 28-L 

fermentor.  Cultures were grown overnight in 24 L of a fixed nitrogen-rich 

basal liquid Burk medium [29] in the 28-L fermentor (New Brunswick Scientific 

Co., New Brunswick, NJ, USA) with a dissolved O2 concentration of 25% 

maintained by varying the flow of compressed air, N2 gas, and the stirring 

rate. 

Nitrogenase expression was induced at a cell density of 250 Klett units 

by centrifuging cells at 8,000 x g at 30ºC and resuspending in 24 L of a fixed 

nitrogen-free medium made from deionized water containing 10 μM Na2MoO4, 

20 μM FeCl3 and Burks sucrose basal media in the fermentor. The dissolved 

oxygen concentration was maintained at 25% for three and a half hours 

before harvesting. 

 
Crude-extract preparation and nitrogenase protein purification.   
Whole cell rupture was accomplished by osmotic shock as follows. 

Approximately 200 g of cells were thawed under an N2 atmosphere and then 

diluted with 750mL anaerobic 25 mM Tris-HCl (pH 8.0), containing 4 M 

glycerol and 2 mM sodium dithionite.  After resuspension, the cells were spun 

at 14,000 x g and 4ºC for 30 minutes. The supernatant was discarded and the 

cell pellets were resuspended in approximately 400 mL 25 mM Tris pH8 

containing a small amount of DNase.  After violent shaking under an N2 

atmosphere, the extract was transferred anaerobically into 95-mL 

ultracentrifuge tubes and centrifuged at 4°C for 90 min at 98,000 x g. 
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Unless otherwise stated, the buffer system used throughout protein 

purification was 25 mM Tris-HCl, pH 7.4, containing 2 mM sodium dithionite. 

The purification of the nitrogenase MoFe-protein involved Q-Sepharose 

and anion-exchange chromatography, Sephacryl S-200 gel filtration and lastly 

phenyl Sepharose hydrophobic-interaction chromatography exactly as 

described by Kim et aI [30]. 

 The Fe-protein was purified to homogeneity via fractionation from a 

second Q-Sepharose anion-exchange column. 

 All chromatography columns were run at room temperature and were 

made anaerobic before use by flushing with dithionite-containing anaerobic 

buffer until the eluant was able to reduce methyl viologen.  The elution profile 

of the proteins was monitored at 365 nm with an in-line Pharmacia LKB 

Uvicord SII absorbance detector cell (Amersham Biosciences, Sweden) 

coupled with a single-channel chart recorder.  Coloured fractions were 

collected anaerobically in N2-flushed conical flasks.  

 Purified nitrogenase proteins were concentrated separately in an 

Amicon micro-filtration apparatus using either a 30K or 100K MWCO 

membrane before buffer exchange into 25 mM HEPES, 10 mM MgCl2, 200 

mM NaCl, pH 7.4 by passage through an anaerobic P-6DG (BioRad, Hemel 

Hempstead, UK) column in an anaerobic glove box with an O2 concentration 

of less than 1 ppm. 

 

Assay of nitrogenase activity.   
Nitrogenase-catalyzed  C2H2 reduction (10% C2H2/90% Ar), N2 reduction 

(100% N2) and proton reduction (100% Ar) were assayed in 7.8-mL reaction 

glass serum vials fitted with No 25 suba seal rubber stoppers as previously 

described [30].  Stock 100% C2H2 was generated from the reaction of calcium 

carbide (BDH, Poole, UK) with water and subsequently diluted to 10% in the 

assay. A. vinelandii Fe-protein used in this study had a specific activity of 

3000 nmol H2 (min.mg protein)-1, the MoFe-protein specific activities are listed 

in Table 1. 

The apparent Km for C2H2 reduction catalyzed by Av1 was determined 

by entering the C2H2-reduction rate as a function of C2H2 concentration into 

SigmaPlot 8.0.  Steady-state assays containing 0.2-0.001 atm C2H2 were 
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performed under maximal flux conditions (Fe-protein:MoFe-protein ratio of 

20:1).   

 

Product analysis.   
Product formation was measured by gas chromatography using a GC-14B 

Gas Chromatograph with a Shimadzu Class-VP Chromatography Automated 

Data Software System (Shimadzu, Tokyo, Japan). C2H4 was quantified on a 

Poropak N column using a flame-ionization detector.  H2 evolution was also 

measured by gas chromatography with a molecular sieve 5Ǻ column and a 

thermal conductivity detector.  Both systems were calibrated by injection of 

standard gases. 

 NH3 production was measured by phenol/hypochlorite colorimetry [26, 

28].  MgATP hydrolysis was determined as described by Dilworth et al. [31-

32].    

 

Protein estimation, metal estimation, EPR measurements and SDS-
PAGE.  
Nitrogenase-protein concentrations were estimated by the Lowry method [33] 

with bovine serum albumin as a standard.  Absorbances were read, after 

colour development, at 750 nm in 1-cm path length cells.  Both the Mo and Fe 

contents of the purified nitrogenase proteins were determined by inductively 

coupled plasma atomic emission spectroscopy using a Perkin-Elmer Plasma 

400 spectrometer (Norwalk, CT, USA). The EPR spectra of the purified MoFe-

proteins were recorded at X-band on a Bruker ELEXYS 500 instrument with 

an ER094X microwave bridge and an ER4122SHQ cavity [34].  Sodium 

dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) was employed 

to check nitrogenase expression in crude extracts and to estimate the purity of 

the MoFe and Fe-proteins after each column chromatography step.  Samples 

and gels were prepared according to the method of Laemmli [35].  Running 

gels were 10% polyacrylamide with 1.35% cross-linker and stacking gels were 

4% polyacrylamide.  Electrophoresis was carried out at 25 mA, using a mini-

Protean 3 electrophoresis apparatus (BioRad, Hemel Hempstead, UK) and 10 

– 250kD Kaleidoscope pre-stained molecular weight markers (BioRad, Hemel 

Hempstead, UK). 
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Molecular modelling.   
Molecular modelling studies were performed using Insight II [36].  The 1.16 Å 

X-ray crystal structure of nitrogenase [3], Protein Data Bank [37] accession 

code 1MIN was edited to a working model consisting of one FeMoco plus all 

of protein chains α and β, residues 350-523 of chain β’, and 19 water 

molecules defining the ‘water pool’ around homocitrate (chains labelled as A, 

B and D respectively in 1MIN). Partial atomic charges for the FeMoco were 

assigned based on the results of density functional theory calculations [16, 

18], and the central atom assumed to be N.  H-atom positions and partial 

atomic charges for the protein and water were calculated at pH 7.0, using the 

charged capping mode.  The waters were aligned manually so as to maximize 

H-bonding with the surrounding protein.  Energy minimizations on the resting-

state structures were carried out using the consistent valence force field and 

steepest descent algorithm within the Discover module of Insight II, with the 

following groups kept fixed: Mo, Fe, S and N atoms of FeMoco; ND1 atom of 

α-His442; O5 and O7 of homocitrate; α-chain residues 4-55 (all atoms), 56-71 

(backbone), 72-93 (all atoms), 94-98 (backbone), 99-189 (all atoms), 190-192 

(backbone), 193-352 (all atoms), 353-360 (backbone), 361-378 (all atoms), 

379-382 (backbone), 383-415 (all atoms), 416-420 (backbone), 431-446 

(backbone), 447-480  (all atoms); β-chain residues 2-94 (all atoms), 95-106 

(backbone), 107-523 (all atoms); β’-chain residues 350-523 (all atoms).  For 

the ring-opened structures, water number 154 was replaced with an N2 ligand 

attached to the Mo, the initial monodentate homocitrate geometry was 

constructed  according to our earlier model [22], and additional fixed atom 

restraints were included as follows; N2 ligand, all of α-His442, and O4 of 

homocitrate; O3 was allowed to relax.  Values for the distance-dependent 

dielectric constant of 10.0 and the Coulombic scale factor of 2.0 were chosen 

empirically by comparing the results of trial geometry optimizations with the 

original crystal structure; these values were found to reproduce the original 

structure to within satisfactory limits.  The RMS deviation for superimposition 

of all the heavy protein atoms in the optimized geometry with the crystal 

structure was 0.046 Å, although a few side chains had relatively large atomic 

movements (up to 1 Å) due to rotations, and some of the water molecules in 
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the water pool had moved by up to 0.6 Å.  For each mutant as well as the wild 

type structure, geometry optimizations were carried out as above, on both the 

homocitrate-closed and homocitrate-open conformations.  Where the side 

chain of the substituting residue was significantly smaller than the wild type α-

Lys426 residue, one or two extra water molecules were included in the model.  

 

RESULTS 
General physical and catalytic properties 

Eleven mutant strains, each having a specific amino-acid substitution at the α-

426 position in the MoFe-protein of A. vinelandii, were constructed and their 

proteins expressed and purified.  Table 1 summarizes the MoFe-protein 

proton-reduction specific activities for crude extracts and MoFe-proteins 

purified from nitrogenase-depressed wild-type and mutant strains, together 

with their diazotrophic growth behaviour.  All eleven α-426 mutant strains are 

capable of diazotrophic growth, although they all show impaired growth rates 

under diazotrophic conditions in fixed-nitrogen-free medium compared to the 

wild type strain.  Four of them, which carry the altered MoFe-protein with 

substitution to Ala, Gln, Thr or Ser at this position, fix N2 almost as efficiently 

as wild type with doubling times of about 4 - 4.5 hours. The doubling times for 

growth on N2 for the other strains range from 5 - 6 hr for the Arg-, His-, and 

Met-substituted strains through 8 - 13 hr for the Tyr-, Glu-, Asp-, and Trp-

containing strains. 

 All mutant strain crude extracts showed similar Fe-protein specific 

activities, indicating that nitrogenase was derepressed effectively during cell 

growth (data not shown). However, the crude extract H2-evolution activities 

under Ar are all lower than the wild-type activity, which suggests that FeMoco 

insertion into the MoFe-proteins has been compromised.  

 After purification, only the α-Arg426 and α-Gln426 MoFe-proteins 

contain a Mo complement and H2-evolution specific activity similar to wild type 

MoFe-protein. The α-Ser426, α-Thr426 and α-Ala426 MoFe-proteins contain 

50% or more of the expected Mo content, whereas the other altered proteins 

range from 40 to 10% of the possible maximum. In all cases, the lowered 

metal content is consistent with their lowered H2-evolution activity and S=3/2 
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EPR-signal intensity. No new dithionite-reduced resting-state EPR features 

were observed from any of the purified altered MoFe-proteins. 

 Although each altered MoFe-protein was purified using exactly the 

same procedure as that employed for the wild type MoFe-protein, different 

levels of purity were achieved as shown by SDS-PAGE (Figure 2). The α-

Gln426, α-Thr426 and α-Arg426 MoFe-proteins were of comparable purity to 

the wild type MoFe-protein, whereas the others contained either high or low 

molecular-weight contaminants or both. In addition, the α-Glu426, α-Trp426 

and α-Tyr426 MoFe-proteins do not contain equal amounts of the α- and β-

subunits, which is consistent with the lowered Mo content of these proteins.  

 With one exception, the addition of 10% CO to nitrogenase assays, 

under conditions of high electron flux, resulted in the complete inhibition of 

C2H2 reduction with all electrons being directed to hydrogen formation (data 

not shown).  However, the α-426Arg MoFe-protein, when complemented with 

a large excess of wild-type Fe-protein, has H2-evolution activity that is 

inhibited by CO.  CO maximally inhibits the activity by 50%, which is 

comparable to that previously observed for the ΔnifV and α-Lys191 altered 

MoFe-proteins [38].  Because the rate of MgATP hydrolysis is not similarly 

inhibited by CO, the ATP:2e- ratio increases by 2 - 3-fold for this MoFe-protein 

in the presence of CO.  The KI for CO inhibition of H2 evolution for the α-

426Arg MoFe-protein was measured as 5.5 x 10-3 kPa, which is comparable 

to the values of 8 x 10-3 kPa and 4 x 10-3 kPa measured previously for the α-

Lys191 and ΔnifV MoFe-proteins, respectively [38]. These values, although 

similar, appear directly to reflect the extent of the inhibition by CO.   

 EPR spectra obtained by freeze quenching during turnover in the 

presence of CO were identical to those observed with the wild type and the 

ΔnifV MoFe-proteins [38].   

The effect of substituting at the α-426 position on both C2H2 and N2 
reduction by purified MoFe-protein. 

Table 2 shows that when the α-426 altered MoFe-proteins were assayed 

under a 10% C2H2/90% Ar atmosphere under high electron-flux conditions, 

the primary product was C2H4. Only the α-Asp426 and α-Trp426 MoFe-
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proteins produced a significantly higher percentage of H2 than the wild type 

enzyme. None of the proteins were capable of reducing C2H2 through to C2H6, 

a phenotype of the ΔnifV protein.  For the wild type (α-Lys426) MoFe-protein 

assayed under maximal flux conditions, a Km of 0.83 kPa C2H2 was 

calculated; this falls within the range reported previously [28, 38].  Similar 

binding affinities were calculated for the altered MoFe-proteins with values 

between 0.31 and 0.9 kPa. Surprisingly, the highest and lowest apparent 

binding affinities were obtained for the α-Asp426 MoFe-protein, which showed 

the lowest percentage of electrons to C2H4, and the α-Arg426 MoFe-protein 

that was our most conservative substitution, respectively. 

 The addition of 5% or higher C2H2 resulted in a 70% inhibition of 

electron flux through the α-Asp426 MoFe-protein without affecting the rate of 

ATP hydrolysis. This resulted in an increase in the ATP:2e ratio from 

approximately 8 while reducing protons to more than 35 in the presence of 

saturating C2H2. The percentage of the total electrons that were diverted to H2 

remained constant in the presence of saturating C2H2.  Inhibition of 

nitrogenase turnover by C2H2 was not observed with any other MoFe-protein 

used in this study.   Because C2H2 acted as an inhibitor of total electron flux, it 

was only possible to estimate the Km for C2H2 reduction from low, <5kPa, 

C2H2 concentrations. 

 Neither the rate of complex dissociation nor the rate or amplitude of 

primary electron transfer from Av2 to the MoFe-protein were affected by the 

presence of C2H2 (data not shown). 

 When assayed under 100% N2, the percentage of total electrons 

transferred to NH3 varied from 74% for the α-Gln426 MoFe-protein to 35% for 

the α-Trp426 MoFe-protein (Table 2).  The α-Gln426 MoFe-protein was 

reproducibly better at fixing N2 than the wild type enzyme, whereas the ΔNifV 

MoFe-protein was more compromised with respect to N2 reduction than any of 

the 426-altered MoFe-proteins. Only the Tyr-, Glu-, Asp- and Trp-substituted 

MoFe-proteins exhibited electron transfer that was uncoupled from MgATP 

hydrolysis, a phenomenon mirrored in the presence of C2H2 and possibly 

arising from the presence of apo-MoFe-protein in the enzyme preparations. 

By measuring the NH3 formed at various N2 concentrations we were able to 

determine the Km for N2 binding to the wild type MoFe-protein as 8.2 kPa, in 
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agreement with literature values.  The altered MoFe-proteins gave similar Km 

values, apart from the α-Arg426 MoFe-protein, which had a Km approximately 

three-fold higher; this reduced binding affinity was accompanied by a 

decreased electron allocation to NH3 but not an uncoupled ATP:2e ratio. 

 The effect of substituting at the α-Lys426 position is clearly shown by a 

plot of percentage electrons consumed by C2H4 production against those 

producing NH3 (Figure 3).  The linear correlation strongly implies that N2 

reduction, but not C2H2 reduction, is compromised in these altered proteins. 

The only exceptions are the α-Asp426 and α-Trp426 altered MoFe-proteins, 

which also show a significant effect on N2 reduction.  Furthermore, the α-

Arg426 altered protein is a surprisingly poor N2 reducer for such a 

conservative alteration.  

 

Molecular Modelling 
Each altered protein was modelled in two forms, namely the ‘closed’ form in 

which the homocitrate chelates the Mo atom as seen in the X-ray crystal 

structures, and an ‘open’ form in which the Mo-O bond to the homocitrate β-

carboxylate group has broken and the homocitrate has rotated to allow 

coordination of N2 at the Mo.  Amino-acid substitutions were introduced such 

that, as far as possible, the positioning of the new side chain followed that of 

the original.  The number of waters in the homocitrate water pool was 

adjusted to reflect the size of the α-426 mutant side chains; α-Ala426 gained 

two extra waters, α-Arg426, α-Trp426 and α-Tyr426 each lost one water, and 

the rest were unchanged.  Geometry optimizations of both closed and open 

forms were carried out using consistent procedures for each protein. 

 Considering the closed forms first, the only significant displacements of 

the protein backbone were seen for the α-Trp426 and α-Tyr426 altered 

proteins, where accommodation of these bulky side chains necessitated 

significant perturbations of the protein backbone (Cα-426 displacements 

compared to the wild type of 0.82 and 0.86 Å, respectively).  In the case of the 

α-Trp426 protein, the β-Ser101 side chain rotated through ca. 110˚ during the 

geometry optimization, in order to relieve close contacts with the Trp side 

chain.  These steric clashes have significant consequences for the H-bond 

normally seen between O3 of the homocitrate -CH2CH2CO2¯ arm and the 
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backbone NH of α-Ile425 in the resting state structure.  In the wild type 

structure, this interaction is characterised by an O··N distance of 2.84 Å in the 

X-ray crystal structure and 2.89 Å in the geometry optimised structure.  It is 

lost in the closed forms of both the α-Trp426 and α-Tyr426 altered proteins, 

which show O··N distances of 4.53 and 3.52 Å, respectively; for the α-Trp426 

protein, a significant movement of the homocitrate -CH2CH2CO2¯  arm means 

that O4, rather than O3, of homocitrate is now weakly H-bonded to the NH 

group (O··N distance 3.42 Å ).  The α-Tyr426 protein shows another 

interesting feature in that an H-bond has developed between the Tyr OH 

group and the homocitrate -CH2CH2CO2¯ arm (O···O distance 3.35 Å, Figure 

4) with the homocitrate moving towards the Tyr to facilitate this bond 

formation (homocitrate O atom is displaced by 0.83 Å).  The closed forms of 

the other variants all show essentially unperturbed homocitrate geometries, 

with preservation of the H-bond between homocitrate and α-Ile425 (O··N 

distances of 2.92 – 2.99 Å).  Besides α-Tyr426, only one other altered protein 

shows a direct interaction between the new side chain and homocitrate;  the 

α-Arg426 protein shows a strong, bifurcated H-bond with O4 of the 

homocitrate -CH2CH2CO2¯ arm (O···N distances 2.87 and 2.99 Å, Figure 5) in 

addition to the normal H-bond between O3 and α-Ile425.  Finally, neither the 

Glu nor Asp altered proteins show any perturbation of the homocitrate; 

however the Asp variant is noteworthy in that the side chain is orientated 

towards β-Arg100 in the neighbouring subunit (Figure 6).  The closest contact 

between these two residues in our model is 3.12 Å, between the carboxylate 

O and the Arg Nδ.  Although the orientation of this interaction does not permit 

an explicit H-bond, this would probably be possible given greater flexibility for 

the β-chain than allowed for in our modelling procedure, which kept all the 

backbone atoms of the β-chain fixed.  The extra CH2 group in the Glu mutant, 

compared to Asp, appears to weaken the interaction with β-Arg100 and 

orientate the α-Glu426 back towards homocitrate (Figure 7). 

 Turning to the ring-opened models, our modelling strategy was 

determined by two considerations.  First, in the wild type enzyme, we 

postulate that the α-Lys426 side chain promotes homocitrate ring opening 

through a general electrostatic effect.  Second, the side chain promotes the 

specific orientation of the homocitrate -CH2CH2CO2¯ arm required for 

Biochemical Journal Immediate Publication. Published on 27 Mar 2006 as manuscript BJ20060102

Copyright 2006 Biochemical Society



 17

activation of FeMoco by interaction with α-His442.  We therefore built the α-

His442-homocitrate interaction into our models by keeping the position of 

homocitrate O4 fixed; the rest of the homocitrate was allowed to move.  The 

optimised structures should then give an indication of whether the α-His442-

homocitrate interaction is accessible or not.  The results fall into several 

different categories.  First, the Ala, His, Met and Thr side chains show 

essentially no interaction with homocitrate (Ser was not modelled because it is 

so similar to Thr); of these, the Met side chain approaches closest, to within 

Van der Waals contact (O···CH3 distance 3.60 Å).  This suggests that these 

residues would neither hinder nor enhance the interaction between 

homocitrate and α-His442.  The large Trp and Tyr side chains are in contact 

with the homocitrate -CH2CH2CO2¯ arm, suggesting that these groups will 

sterically hinder realisation of the correct homocitrate geometry.  The Arg 

mutant side chain also contacts the homocitrate -CH2CH2CO2¯ arm in its open 

conformation, with a favourable electrostatic interaction in this case (O···N 

distance 3.19 Å), but the geometry prevents formation of a specific H-bond.  

Neither of the two acidic residues, Glu and Asp, has very close contacts with 

homocitrate, though Glu has the closest approach (O···O distances of 4.13 

and 4.25 Å for Glu and Asp respectively).  Finally, Gln is the only other 

residue, apart from the wild type Lys, that forms a specific H-bond with O3 of 

homocitrate in the ring-opened conformation (Figure 8); both hydrogens of the 

side chain NH2 group are involved in a bifurcated H-bond (O···N distance 3.03 

Å; O···H distances 2.66 and 2.79 Å).  In all cases, homocitrate retains its H-

bond to α-Gln191 in both the ring-closed and -open conformations. 

 

Sequence comparisons and homology modelling 
In order to investigate the level of conservation of α-Lys426 in known 

nitrogenase sequences, we searched the Uniprot database for nitrogenase 

component 1 α-chain proteins, using the Klebsiella pneumoniae sequence as 

a query.  Sequences returned by this search were discarded if they were 

significantly incomplete or if they lacked any of the four Cys and one His 

residues required for FeMoco and P-cluster binding.  The remaining 

sequences were screened for redundancy and gene annotation, giving 68 α-

chain MoFe-protein (NifD) and six α-chain VFe-protein (VnfD) sequences.  
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These were aligned using the MUSCLE server [40].  This showed that α-

Lys426 is strictly conserved across all 68 NifD sequences.  Interestingly, 

however, the equivalent residue in all of the VnfD sequences is Arg.  Another 

significant difference is seen in the preceding residue, α-Ile425 in Av1; in the 

NifD sequences, this is Ile (50 sequences), Val (17 sequences), or Leu (one 

sequence), but Pro in all six VnfD sequences.  The sequence variations in the 

vicinity of α-Lys426 are summarised in Table 3.   

 

DISCUSSION 
Certain amino acid residues in FeMoco’s environment within the MoFe-protein 

influence its orientation and/or its catalytic and electronic properties as shown 

by targeted substitution ([10] and references therein). Most of the published 

data focuses on the interaction of inhibitors, such as CO or the substrate C2H2 

with altered nitrogenase proteins.  For example, all substitutions at the α-

Gln191 position exhibit CO-sensitive H2 evolution and reduce C2H2 poorly with 

C2H6 as a product [41]. In this study, we have pinpointed a residue, α-Lys426, 

which we believe could act to position homocitrate such that N2 reduction is 

optimized.  In addition to the functional role of this residue during nitrogenase 

turnover, our experimental results suggest a structural role in terms of 

insertion of the FeMoco into the apoprotein.  Thus, several of our altered 

proteins contain low or very low levels of functional FeMoco, evidenced by 

their low EPR intensities, poor catalytic abilities and low Mo contents.  The 

importance of αLys426 in helping to orient FeMoco during its insertion into the 

MoFe-protein has been inferred by comparison of the fully complemented and 

FeMoco-free protein crystal structures [42].  The ease of FeMoco insertion 

into the apoprotein correlates reasonably well with the expected steric and 

electrostatic properties of the α-426 residue.  Thus, the two basic residues, 

Lys and Arg, have full FeMoco complements, whereas the Gln residue, which 

also appears to have the potential to form an H-bond to homocitrate (see 

above), has the next best.  The unfavourable electrostatic properties of the 

two acidic residues, Glu and Asp, and the steric problems associated with the 

very bulky residues Trp and Tyr, explain why these four mutants have very 

low FeMoco complements.  The other residues have intermediate FeMoco 

complements.  The only inconsistency found is for His, which has an 
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unexpectedly poor FeMoco complement; we speculate that this is due to 

some specific but undetermined effect, perhaps arising from this residue’s 

ability to act as a ligand in its own right.  Although the proteins have a wide 

range of activities, the good correlation between EPR intensity and specific 

activity for H2 reduction supports the assumption that only properly assembled 

nitrogenase molecules are catalytically active for the reduction of H2, N2 and 

C2H2 in our preparations. 

 Our experimental data for the α-426 mutants are broadly consistent 

with the premise that a mutation that perturbs the homocitrate ring-opened 

state should selectively affect N2 reduction but not C2H2 reduction.  Thus in 

general, the altered proteins have a much wider range of N2-reduction 

efficiencies than C2H2-reduction efficiencies.  The efficiencies of the mutants 

for N2 reduction span a range between that of the wild type protein and the 

ΔnifV mutant; this result was expected, because replacement of homocitrate 

by citrate in the ΔnifV mutant is a direct change to the FeMoco structure and 

should have a greater effect than the more distant perturbations from our 

substitutions.   

 There are two exceptions to the general trend, namely Trp and Asp.  

The Trp variant scores poorly against every measure of its activity, including 

C2H2 reduction, and this is readily explained by the perturbations in the protein 

structure required to accommodate this very bulky residue.  The Asp mutant is 

more interesting because it alone shows reasonable N2-reduction activity but 

poor C2H2-reduction activity.  Our modelling studies suggest that this 

anomalous behaviour is not due to some specific interaction between α-

Asp426 and homocitrate, but to an interaction between α-Asp426 and β-

Arg100 which lies in an α-helix containing one of the P-cluster ligands, β-

Cys95; it seems reasonable to suppose that a specific H-bonding interaction 

between these two residues could distort the structure of the protein.  Why 

this should perturb C2H2 reduction so dramatically but hardly affect N2 

reduction is not clear.  Although other point mutations that inhibit C2H2 but not 

N2 reduction are known [43], there are none that inhibit electron flux through 

the protein in this manner. 

We find that the efficiencies of the other altered proteins for N2 

reduction correlate well with the results of our modelling studies.  Thus, the 
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Glu mutant is particularly poor for N2 reduction, and we assign this to the 

electrostatic repulsion between the carboxylate group of the -CH2CH2CO2¯ 

arm of homocitrate and the Glu side chain.  The Asp mutant is also negatively 

charged but, in this case, the separation between the groups will be larger 

because of its shorter side chain and also because of the likely interaction 

between α-Asp426 and β-Arg100 discussed above.  Hence the Glu altered 

protein is a significantly poorer N2 fixer than the Asp-altered protein. After Glu, 

the Tyr and Arg-altered proteins are the next poorest for N2 fixation.  Both of 

these have the opposite H-bonding pattern to that of the wild type α-Lys426 

residue; namely, an H-bond between the mutant side chain in the resting state 

but not in the ring-opened state. In addition, the bulky Tyr side chain is likely 

to hinder the motion of the homocitrate upon ring opening.  Hence, the 

equilibrium between the ring-opened, N2-binding state and the ring-closed 

state will be shifted in favour of the latter, making the Tyr and Arg variants 

relatively poor N2 fixers.  The observation that the α-Arg426 altered protein is 

similar to the wild type protein with respect to the efficiency of FeMoco 

insertion, and yet is a relatively poor N2 fixer, strongly supports the contention 

that residue α-426 has a wider role than simply facilitating insertion of the 

FeMoco. The Met, Ala, His and Thr substitutions are all fairly neutral in that 

there are no specific interactions between their side chains and homocitrate. 

They are all slightly inferior in their N2-fixing activity to the wild type because 

they lack the positive effect of Lys in promoting the interaction between 

homocitrate and α-His442. 

Finally, the Gln mutant is of particular interest in that it shows a 

moderate, and yet reproducible, enhancement in N2-reduction efficiency over 

the wild type protein.  Our modelling studies indicate that this is the only other 

residue capable of forming an H-bond to homocitrate in its ring-opened, Mo-

activating conformation (Figure 8).  These experimental and theoretical results 

indicate that it may indeed be possible to construct better nitrogenases than 

wild type, provided the gain in functional efficiency is not offset by a loss in 

efficiency of cofactor insertion. 

The α-Arg426 altered protein, like the ΔnifV altered protein, shows 

inhibition of H2 evolution (i.e., uncoupling of ATP hydrolysis from electron 

transfer) in the presence of CO. In the active homocitrate model for H2 
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evolution [25], this behaviour in the ΔnifV protein is explained in terms of a 

perturbation by CO of an equilibrium between a ring-opened MoH species A, 

which can rapidly evolve H2, and a ring-closed species B, which is unreactive 

(Scheme 1). This scheme readily adapts to the α-Arg426 altered protein; the 

extra H-bonds between the Arg residue and the -CH2CH2CO2¯ homocitrate 

arm that we observe in our model of the resting state of this altered protein 

would also help to stabilise B over A. 

Sequence comparisons 

The differences in amino acid sequence in the vicinity of the homocitrate 

ligand for the VFe-protein compared to the MoFe-protein (Table 3) are 

interesting in terms of potential H-bonds between these residues and 

homocitrate.  The MoFe-protein X-ray crystal structures show a H-bond 

between the homocitrate -CH2CH2CO2¯ arm and the backbone NH group of 

α-Ile425, which must be broken if the homocitrate undergoes chelate ring 

opening.  The substitution of Ile by Pro in the VnfD sequences means that 

there is no possibility of an analogous interaction in VFe-proteins; indeed, the 

steric constraints of the Pro side chain would demand a different conformation 

for the -CH2CH2CO2¯ group in the resting state.  As we have seen, replacing 

α-Lys426 by Arg in the MoFe-protein reduces the efficiency of N2 fixation, 

because Arg can H-bond to homocitrate in the ring-closed but not the ring-

opened conformation, the reverse pattern to the wild type Lys.  However, in 

the case of the VFe-proteins, the substitution of Ile for Pro, together with the 

other local sequence changes, especially in the three residues following α-

Lys426, might be sufficient to switch this behaviour so that Arg becomes the 

preferred residue for interaction with homocitrate in the ring-opened state. 

 Further insight into this question can be gained by consideration of two 

hybrid proteins, namely the VFe component 1 protein complemented with 

FeMoco [44], and the MoFe-protein complemented with FeVco [45].  Whereas 

the VFe-protein/FeMoco combination behaves like normal MoFe-protein with 

respect to N2 reduction, the MoFe-protein/FeVco combination does not 

reduce N2 at all.  If the homocitrate chelate ring opening is intrinsically more 

difficult for FeVco than for FeMoco, then the differences in the protein 

sequences may reflect a compensating promotion of the ring-opened state by 

the protein environment for the VFe-protein. 
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 Finally, we note that α-Gly424 is strictly conserved across all the MoFe 

and VFe-protein sequences.  Modelling the effects of substituting this residue 

by Ala, we find that there would be a steric clash between homocitrate and α-

Ala424 in both the ring-closed and -opened homocitrate conformations. Given 

that replacement of α-Ile425 by Pro in the VFe-protein sequences must 

produce a similar steric clash in the resting state, and yet the VFe-

protein/FeMoco hybrid is viable for N2 reduction, it seems unlikely that the α-

Ala424 mutation would be a serious problem for the ring-closed state.  

However, modelling the α-Ala424 ring-opened state suggests that this 

mutation would prevent the interaction between homocitrate and α-His442, 

possibly producing similar phenotypes to those we observe for the α-Lys426 

mutants.  

 In summary, we have proposed that the α-Lys426 residue anchors 

homocitrate so it can H-bond to α-His442, which helps optimize N2 reduction, 

and we have shown that disrupting the α-Lys426 H-bond to homocitrate 

compromises N2 reduction. α-Lys426 is more than twice the distance from the 

Fe-S face of FeMoco adjacent to α-Val70 than is Mo.  Thus, we find it even 

more difficult to understand how the mutations at α-Lys426 could affect N2 

binding and reduction if this occurred at the α-Val70 site, than do Barney et al. 

[12] to imagine how Mo could participate in N2 binding because of the effects 

of mutations at α-Val70.  Further experiments are clearly necessary to resolve 

these apparent inconsistencies. Although there is a growing body of evidence 

that supports alkynes and alkenes being bound and reduced at or close to the 

α-Val70 Fe-S face of FeMoco, our results support Mo as the favoured binding 

and reduction site for N2.  
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Figure 4 
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Figure 5 
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Figure 6 (Asp variant) 
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 Figure 7. (Glu variant) 
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Figure 8. (note the dinitrogen ligand on Mo; for clarity, only the imidazole 

ring of His442 is shown) 
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Table 1: Diazotrophic growth and purification properties of wild-type and α-

426 altered MoFe-proteins.  

 

 

MoFe-
protein 

Doubling 
time (hr) 

CE SPA
 

Purified MoFe-
protein SPA 

[Mo] [Fe]:[Mo] % WT  g=3.7 
EPR Intensity 

WT 3.5 150 2500 1.6 16 100 
α-426A 4.1 108 1300 1.0 28 60 
α-426T 4.5 105 1400 1.3 15 70 
α-426Q 4.5 64 1940 1.8 15 91 
α-426S 4.7 89 1300 1.2 16 60 
α-426R 5.6 101 2500 1.5 12 100 
α-426H 5.6 37 340 0.6 15 20 
α-426M 5.8 56 850 0.5 28 40 
α-426Y 7.9 65 650 0.8 35 30 
α-426E 8.9 34 200 0.2 67 10 
α-426D 11.8 12 320 0.7 64 10 
α-426W 12.8 55 170 0.3 80 10 
 
 
All SPA values are nmol H2 (min.mg)-1 with an excess of Fe-protein. 
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Table 2: Substrate binding affinities and ATP:2e data for wild type and α-426 

altered MoFe-proteins under 10% C2H2 /90% Ar and100% N2. 

 
  

MoFe-
protein 

% total e-  
to C2H4  

 

ATP:2e 
C2H2 

Km 
C2H2 (Kpa) 

% total e- 
to NH3  

ATP:2e 
N2 

Km 
N2 (KPa) 

WT 94 4.7 0.83 ±0.03 71 6.1 8.2 ± 0.6 
α-426A 96 6.1 0.51 ±0.02 66 7.6 9.4 ± 1.7 
α-426T 96 6.6 0.49 ±0.03 69 7.2 7.5 ± 0.3 
α-426Q 92 6.2 0.64 ± 0.05 74 6.0 9.2  ± 04 
α-426S 96 6.1 0.49 ± 0.02 64 6.6 7.5 ± 0.3 
α-426R 96 5.2 0.9 ± 0.05 58 5.8 24.2 ± 3.8 
α-426H 94 6.8 0.52 ± 0.03 68 6.8 9.0 ± 1.0 
α-426M 96 6.6 0.61 ± 0.02 64 6.6 10.3 ± 0.6 
α-426Y 95 13.5 0.53 ±0.03 54 11.2 11.7 ± 1.1 
α-426E 92 20.4 0.43 ± 0.02 50 14.6 9.6 ± 1.0 
α-426D 78 29.7 0.31 ±0.04 65 10.8 7.3 ± 0.6 
α-426W 75 32.3 0.61 ± 0.03 35 20.6 15.4 ± 3.1 
ΔNifV 90 nd nd 31 nd nd 
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Table 3.  Amino acid sequence analysis for MoFe and VFe α-chain 

sequences, residues 421 – 4291. 

 
 
MoFe-protein sequences 
Val 
(34) 

Gly 
(29) 

Ser 
(57) 

Gly 
(68) 

Ile 
(50) 

Lys2 

(68) 
Glu 
(61) 

Lys 
(67) 

Tyr 
(66) 

Ile 
(19) 

Ala 
(26) 

Ala 
(9) 

 Val 
(17) 

 Asp 
(7) 

Arg 
(1) 

Phe 
(2) 

Phe 
(8) 

Cys 
(5) 

Val 
(1) 

 Leu 
(1) 

    

Met 
(7) 

Phe 
(4) 

Gly 
(1) 

      

 Leu 
(4) 

       

 
VFe-protein sequences 
Ile 
(5) 

Phe 
(5) 

Thr 
(6) 

Gly 
(6) 

Pro 
(6) 

Arg 
(6) 

Val 
(6) 

Gly 
(6) 

Glu 
(3) 

Val 
(1) 

Leu 
(1) 

      Asp 
(2) 

        Ala 
(1) 

 

1Numbering taken from Av1 sequence.  Figures in parentheses are the number of 

sequences incorporating each residue. 
2One MoFe-protein sequence has an extra Glu inserted between residues 426 and 427. 
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Scheme 1.  Proposed equilibrium at Lowe-Thorneley redox state E4 between a Mo 

hydride, A, which evolves H2 rapidly by hydrolysis, and a relatively stable, 

homocitrate ring-closed species B, as described in Durrant [25].  H+ in circles denote 

protons attached to amino acid side chains in the vicinity of FeMoco.  Note that the 

charge on FeMoco is increased by one electron relative to the original model [18]. 
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Figure captions 
 
Figure 1.  Iron-molybdenum cofactor and selected residues of importance in 

this study.  This and other structure figures drawn using ORTEP-3 for 

windows, version 1.08 [Farrugia, L.J. (1997) J. App. Cryst., 30, 565].  Atomic 

coordinates taken from X-ray crystal structure 1M1N (ref. 4).  Atoms shaded 

as follows: dark grey, Mo and N; light grey, S and O; white, Fe and C.   

 

Figure 2. 10% SDS-PAGE of MoFe-proteins purified from the α-426 mutant 

strains and wild type. Lane 1: Molecular weight marker ( 250, 150, 100, 75, 

50, 37, 25, 20 kDa); Lane 2: wild type MoFe-protein; Lane 3: α-Ser426 MoFe-

protein; Lane 4: α-Thr426 MoFe-protein; Lane 5: α-Glu426 MoFe-protein; 

Lane 6: α-Met426 MoFe-protein; Lane 7: α-Ala426 MoFe-protein; Lane 8: α-

Trp426 MoFe-protein; Lane 9: α-Tyr426 MoFe-protein; Lane 10: α-Arg426 

MoFe-protein; Lane 11: α-His426 MoFe-protein; Lane 12: α-Gln426 MoFe-

protein and Lane 13: α-Asp426 MoFe-protein. Lanes 2-13 contain 

approximately 0.2μg MoFe-protein.  

 

Figure 3. Comparison of electron distribution to NH3 and C2H4 during N2 and 

C2H2 reduction by wild type, ΔNifV and altered α-426 MoFe-proteins. Assays 

contained 10% C2H2:90% Ar or 100% N2 and were initiated with a 20:1 mix of 

Av2:Av1. Assays were run for 40 min and were quenched with 0.3mL 0.5M 

EDTA pH7.5.  Linearity was checked by quenching assays at 16 min (data not 

shown). Each assay contained 0.0375 mg MoFe-protein. Proteins are 

represented by the single amino acid letter code. The dashed line is a best fit 

to the points excluding the Trp(W) and Asp(D) data which do not fit this 

correlation.  

 

Figure 4.  Stereo view of the model of the resting form of the α-Tyr426 

mutant.  Atom shading as in Figure 1; selected H atoms and predicted H-

bonds are shown as small circles and grey lines, respectively.  Note the H-

bonds between homocitrate and α-Gln191, as seen in the wild type structure, 
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and the phenolic OH group of α-Tyr426, formed at the expense of the H-bond 

to the α-Ile425 backbone NH group. 

 

Figure 5.  Stereo view of the model of the resting form of the α-Arg426 

mutant.  Atom shading as in Figure 1; selected H atoms and predicted H-

bonds are shown as small circles and grey lines, respectively.  In addition to 

the H-bonds between homocitrate and the α-Gln191 side chain, and the α-

Ile425 backbone NH group, both of which are seen in the wild type structure, 

the α-Arg426 side chain has formed a bifurcating H-bond with homocitrate. 

 

Figure 6.  Model for the resting state of the α-Asp426 mutant.  Atom shading 

as in Figure 1.  The α-helix incorporating residues 96 – 107 of the β-subunit is 

shown in grey as an α-carbon trace, with the side chain of residue β-Arg100 

included in ball and stick mode.  Note the orientation of the Asp side chain 

towards the Arg side chain. 

 

Figure 7.  Model for the resting state of the α-Glu426 mutant.  Shading and 

rendering as in Figure 6.   

 

Figure 8.  Model for the ring-opened state of the α-Gln426 mutant.  Atom 

shading as in Figure 1; selected H atoms and predicted H-bonds are shown 

as small circles and grey lines, respectively.  Note the N2 ligand on Mo; for 

clarity, only the imidazole ring of α-His442 is shown.  In addition to the usual 

H-bond between homocitrate and α-Gln191, there is a bifurcating H-bond 

between homocitrate and the α-Gln426 side chain, and the putative 

functionally significant H-bond between homocitrate and the imidazole NH 

group of α-His442. 
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